Introduction
The combination of two or more donor atoms of disparate character in a bi-or multi-dentate ligand can generate complexes 25 with unusual properties as each distinct donor will show variable binding to any given metal ion. Ligands that bind strongly through one or more primary donors with weak secondary donation are usually termed hemi-labile and the transient coordination of the weak donor can assist catalytic processes 30 through stabilization of reactive intermediates.
1 There are numerous examples of this type of ligand with many different donor sets to include N/O, P/O, P/N, P/S and S/O combinations as heterotopic bidentate examples.
2 Examples of N-Heterocyclic carbenes (NHCs) with other donors are also numerous 3 but very 35 few combine an expanded-ring N-heterocyclic carbene (ER-NHC) with a phosphine, 4 and of this extremely rare class, only those reported by our group feature an asymmetric element. 4d,e Although often advantageous from a catalytic viewpoint, hemilabile behavior is not always desirable (or possible) when 40 employing heterotopic ligands. While we have an interest in hemi-labile systems, our main focus is on the development of heterotopic ligands as frameworks for the control of metalcentered chirality in stereogenic-at-metal complexes and/or to enable construction of homo and hetero bi-and tri-metallic configuration, and hence absolute stereochemistry, at a metal center. In order to promote the latter a further modification to one or both of the flanking arms was deemed necessary. The introduction of an additional stereo-center in one pyridyl arm of the NCN' ligand to give the N Me CN' derivative ( Figure 1 ) was 5 sufficient to achieve this. 5a Figure 1. Previous examples of donor-functionalized ER-NHCs. 10 The aforementioned ligands are of the ABA' type where The A donors are equivalent and the discrimination between them lies at a (relatively) remote point. This is not the ideal as a ligand that contains three completely disparate donors (ABC type) and/or forms chelate rings of two different sizes is preferred. This 
Results and Discussion ligand synthesis
Although a number of symmetrical PCP and NCN tridentate ligands are known, 6,7 mixed donor ligands of the NC NHC P type discussed here are extremely rare. 3a The inclusion of a single sp CP was necessary to alleviate some of the strain associated with a sp 2 -rich ligand backbone and to aid flexibility to encourage facial coordination. Residual strain does still exist so that facile breakage of one or both of the chelate ring(s) can occur and be exploited for the 35 formation of bridged di(tri)metallic species. The nature of the coordination will be highly metal ion-dependent and the current work seeks to establish how both [N Me CHP] + and N Me NCP behave towards a select number of transition metal ions. In order to restrict possible isomeric complexity during the 40 coordination chemistry study (and to explore the limitations of stereo-control in the metal systems), a single diastereomer(s) of the ligand was required. We have shown previously that 1,2,2-trimethyl-N 3 -[1S-(pyridin-2-yl)ethyl]cyclopentane-1,3-diamine can be prepared stereoselectively through reduction of the mono- 45 imine produced from condensation of 1,2,2-trimethylcyclopentane-1,3-diamine with (2-pyridyl)acetophenone 5a 
Copper(I), Silver(I) and Gold(I) complexes
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Tridentate coordination to Cu(I) was observed previously with the PCP' ligand but aggregates predominated with the NCN' ligand. Although the reasons for this disparate behaviour are not known precisely, the combination of a phosphine donor and a larger chelate in the PCP' system was better able to support κ 3 -70 coordination at pseudo-tetrahedral Cu(I). As S-N Me CP is a hybrid of the aforementioned NCN' and PCP' ligands it was of initial interest to know how it behaved upon coordination to Cu(I). The synthetic procedure was analogous to that used for the preparation of the [Cu(κ 3 -PCP')X] complexes with peak (width at half height 43 Hz) at -7.1 ppm reflecting a coordination shift of around 10 ppm which is typical for Cu(I) phosphine complexation. 8 The 1 H NMR spectrum revealed an unchanged δ H for the ortho hydrogen of the pyridine as expected for an uncoordinated pyridine, and also confirmed the presence of a minor isomer which was not evident from the 31 P{ 1 H} NMR spectrum (this was presumably a complex containing the R form of the ligand). Examination of a THF solution of 1 after the addition of KHMDS by 31 P{ 1 H} NMR spectroscopy revealed the 5 presence of a mixture very similar to that observed from the direct in situ reaction above except in this case there was clearly some free ligand generated as indicated by the sharp peak at δ P = -17 ppm. Attempts to isolate a pure compound from this mixture were unsuccessful and it was clear that the coordination 10 chemistry of S-N Me CP with Cu(I) was neither simple nor appropriate for the formation of desired stereogenic-at-metal complexes. The 1:1 complexation of Ag(I) with NCN' and PCP' mimicked that observed with Cu(I) in that numerous intractable species 15 were observed with the former while a single species was isolated for the latter. The formation of a single species for the PCP' ligand was partly assisted by the prior synthesis of a discrete, precomplex of the amidinium precursor, namely and one equivalent of Ag(OTf) was stirred overnight a white solid (2.OTf) was deposited which was subsequently recrystallised from THF/Et 2 O at 4 °C as large colourless blocks (scheme 2). Identification of 2.OTf was aided by determination of the molecular structure by single crystal X-ray techniques as + ligand and a pyridine from a second ligand so that the overall structure can be described as a 22-membered di-silver macrocycle. The dimeric structure is further supported by two bridging triflates each of which use separate oxygen atoms to coordinate to the two silver 40 ions (for the purposes of clarity the CF 3 SO 3 -groups are excluded from the figure). Each silver ion has a pseudo-tetrahedral geometry where the extent of the distortion from the tetrahedral ideal is exemplified by the intra-metal bond angles that range from 67° to 141°. The Ag-P bond lengths of 2.367(3) and 45 2.386(3) Å are shorter than the values of 2.441(2) and 2.464(2) Å reported for a related µ-dppm complex 9 but the Ag-N distances are similar. Closer correlation is observed with the complexes of Espinet 10 where an average Ag-P bond length of 2.378(1) was reported along with Ag-N lengths of 2.334(4) Å and those of 2.39 50 and 2.24 Å reported by Gimeno. 11 Although the Ag-P and Ag-N bond lengths are similar for both parts of the dimer, it is not symmetric as the Ag-O bond lengths are quite disparate with values of 3.066(11) and 2.464(11) Å for one of the silver ions and 2.776(11) and 2.538(11) Å for the other. The bridging triflates 55 appear to be further supported by hydrogen-bonding contacts between the RNCHNR hydrogens and selected oxygen atoms of the CF 3 SO 3 -groups. The chiral carbon atoms in the pyridyl arms show the expected S stereochemistry and the two pyridine groups are mutually trans. further comparison with closely analogous systems with a carbene donor trans to a phosphine is limited by the scarcity of such compounds. Other than the aforementioned complexes of Tapu, 13 2 J C-P data for similar compounds is lacking due to poor solubility, 15 complicating secondary couplings or the complete 55 absence of an observed signal and/or C-P coupling. 16 Hofmann has observed a 2 J C,P value of 76.7 Hz for a related Cu(I) dimer. 17 Unfortunately, although species of molecular mass > 1250 were observed by mass spectrometry, formulations for these proved elusive and consequently high resolution data is only available 60 for monomeric fragmentation species (see experimental). While the absence of qualifying crystallographic and/or mass spectrometric data prevents an unequivocal assignment of the molecular structure, the spectroscopic data does provide strong circumstantial evidence for the H-T dimer which is further 65 supported by structural determination of the analogous digold complex (see below). Unlike Ag(I) the coordination chemistry of gold(I) is dominated by the 2-coordinate linear geometry and it was anticipated that the Au ( shift of the 31 P{ 1 H} resonance for both isomers compared to those of 5 is commensurate with that expected upon replacement of a chloride ligand trans to the phosphine by a second phosphine and the broadening is likely the result of some restricted rotation about the Au-P bonds or a relatively slow, undiscerned fluxional 95 process. The 1 H NMR spectrum of the diastereomeric mixture confirmed the presence of the amidinium hydrogen at δ H = 8.7 ppm but was otherwise of little diagnostic value. The formulation was confirmed by mass spectrometry where a peak at m/z = 1441.4806 for the complex trication plus one PF 6 -and one Cl + and subsequent addition of the gold starting complex or from complex 5 upon addition of base. The molecular structure, shown in figure 4, is a head-to-tail dimer 15 where the two gold ions are coordinated to one NHC and one phosphine donor from the two bridging S-N Me CP ligands respectively. The geometry at the metal is linear two coordinate as expected with a slightly acute average P-Au-C bond angle of 171.3° and a distance of 4.871 Å between the two gold atoms.
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The Au-P and Au-C bond lengths of 2.281(6), 2.296(5) and 2.091(17), 2.108(17) Å respectively, largely align with those reported for related complexes although the latter are towards the longer end of the reported range. 16, 18 The NCN angle of the carbene unit averages 120.2° which is towards the upper end of 25 the range for 6/7-membered ER-NHCs. 18c,d The overall structure of the digold macrocycle is puckered with the two P-Au-C vectors orientated at an angle of ~63° to one another. Such an orientation results in (or is possibly the result of) aromatic stacking of the two phenyl rings fused to the 14-membered 30 macrocyclic ring although the distance between the centroids of each ring is relatively long at 4.228 Å. Of the two possible conformations, δ and λ, defined by the relation of the two P-Au-C vectors, only the δ form occurs in the solid-state. Although the structure shown in figure 4 is of a rare type, H-T gold dimers of 35 phosphine-NHC heterotopic ligands are known for systems where the P donor is directly connected to one or both of the nitrogens of the NHC. 19 The 1 H NMR spectrum of the complex lacks the amidinium hydrogen as expected and shows some broadening particularly for the CH 2 (C 6 H 4 )PPh 2 methylene resonances which may reflect some restricted rotation about the Au-C or N-C/C-C Ar 55 bond or possible transient coordination of the phosphine donors (accepting that the 31 P NMR spectrum indicates a predominantly unbound state). Coordination of the carbenic carbon is confirmed on inspection of the 13 C{ 1 H} NMR spectrum which shows a signal at δ C 202.8 ppm for these carbons, which is a similar 60 position to the chemical shifts reported for analogous ER-NHC complexes of Au(I). 16, 18 The molecular structure of 8 shows the gold bound to two S-N Me CP ligands solely through the NHC carbons to produce the expected linear complex ( Figure 5 ). As deduced from the NMR 65 measurements the phosphine and pyridine donors play no part in the coordination and each is arranged mutually trans to the like donor of the other ligand in the solid-state. The C-Au-C bond angle is close to linear at 175.0(6)° and the Au-C bond lengths are very typical for bis-NHC complexes of this type. There is 70 some disparity in the N-C-N bond angles where one, at 118.6(9)°, is typical of an ER-NHC, but the other is somewhat compressed at 115.4(10)°. The two NCN planes are canted with respect to one another with a relatively small skew angle of ~ 23°. The uncoordinated phosphine and pyridine donors are available for 75 binding to other metal ions to make heterometallic dimers and trimers as is being investigated currently in our laboratories. Selected bond lengths (Å) and angles (°): Au1-C20 2.029(12); Au1-C55 2.071(10); C20-Au1-C55 175.0(6); N1-C20-N2 115.4(10); N4-C55-N5 118.6(9).
Nickel(II), Platinum(II) and Rhodium(I) complexes
The failure to acquire any κ 2 -or κ 3 -complexes of the monovalent ) nor stereogenic-at-metal, they did provide an opportunity to investigate any conformational preference of the fully chelated 5 ligand in the absence of configurational complications. It is well known that NHCs coordinate with a preference for the NCN plane to lie at an angle to the coordination plane, e.g. in square planar complexes of Pt(II), Rh(I) etc, it is typically canted at an angle of ~50° to the square ML 4 plane. For unsymmetrically 10 substituted NHCs, the drop (conformation) can then be described as δ or λ depending upon the relative orientation of the two planes. 20 There is usually little to no conformational selectivity observed for monodentate NHCs but overall ligand conformations of δ and/or λ can be adopted in complexes of were produced, this does not appear to be the case for 9 as only a 50 single peak is observed at δ P = 13.1 ppm in the 31 P{ 1 H} spectrum. There is evidence of a second species in the 1 H NMR spectrum but the majority of the sample (>90%) is a single isomer and the minor isomer is likely to be the complex from the coordination of the small amount of R-N Me CP present. The large chemical shift 55 difference between the two methylene protons of the phosphine arm is characteristic of the formation of the P^C chelate which is confirmed upon inspection of the 13 C{ 1 H} NMR spectrum where a peak at δ C = 202.1 ( 2 J C-P = 16.5 Hz) for the carbenic carbon is observed. Although the structure of 9 cannot be confirmed 60 unequivocally, a geometry grossly similar to [Ni(κ 3 -NCN')(η 3 -C 8 H 13 )] + with an axial pyridine and the phosphine in the pseudoequatorial plane is most likely. The nickel centre is square planar with four different donors defining the corners of the plane. The asymmetric unit of the solid-state structure contains two independent molecules which are conformational isomers (δ and 80 λ). There are a number of metric differences between the two conformers including an expanded N-Ni-P bond angle of 176.9° in the δ form compared to 170.1° for the λ which mainly results from the larger C-Ni-P angle in the former (92.53° vs 87.57°).
There is no such discrepancy in the N-Ni-C angles which are 85 86.54±0.04°. The six-membered N-Ni-C ring has a boat conformation in both isomers and the stereochemistry of the chiral carbon in the pyridyl arm is the anticipated S. Somewhat surprisingly the orientation of the methyl group attached to the stereogenic carbon in the N-Ni-C4 ring is different for each 90 isomer with an axial projection being seen in the δ conformer and equatorial in the λ as highlighted in figure 6 . There are several other structural differences between the two conformers, notably the orientation of one of the methyl groups of the dimethylmethylene bridge which approaches a phosphorus-bound 95 phenyl in the δ isomer but projects towards the pyridine group in the λ conformer. The Ni-L bond lengths are largely invariant between the two forms and are within the ranges expected for a square planar Ni(II) complex of this type. The low isolated yield of this complex is largely due to its decomposition in solution. Repeated efforts to improve the yield were unsuccessful with only small amounts of crystalline material being acquired from any given synthesis. The 31 P{ 1 H} spectrum 15 of the complex recorded immediately after dissolution in normal aerated CD 3 OD showed the two peaks noted above in ratios that varied from 1:1 to 1:3 from batch to batch. The 1 H NMR spectrum was also complicated by the presence of duplicate signals for the isomeric mixture. After a short period of time the 20 spectra started to show the presence of another complex which, within a matter of hours, was the sole species present in solution. This decomposition product was defined by a single peak at δ P 32 ppm in the 31 P{ 1 H} spectrum which is characteristic of an oxidized phosphine group and it appeared that the phosphine 25 donor in 10 is hemi-labile allowing competitive oxidation on phosphine release. This suggests a relatively large degree of strain in the seven-membered chelate which appears to destabilize the nickel complex. The poor yield of the complex coupled with its instability in solution prevented acquisition of a 13 C NMR 30 spectrum for 10. The isolation of 10 as a mixture of two conformers showed a lack of conformational control akin to that observed for [Ni(κ 3 -NCN')Cl] + . This was surprising as only a single isomer was seen for the precursor cyclooctenyl complex 9, and inclusion of the 35 additional chiral centre in the pyridyl chelate had previously led to complete coordination control albeit in five-coordinate Rh(I)/Ir(I) systems. 5a Irrespective of the unstable nature of 10 in aerated solution, the fact that two conformational isomers were observed does suggest that the current ligand system is poorly 40 selective for square planar Ni(II). In an effort to establish whether this was a general trend or simply the result of the nature of the conversion of 9 to 10 and/or the binding sequence upon addition of 12 consists of a singlet at δ P -7.8 ppm with platinum satellites ( 1 J P-Pt = 3655 Hz). The chemical shift is > 20 ppm upfield of its position in 11 but this is not unexpected for the formation of a seven-membered chelate and the one-bond metal-phosphorus coupling constant is typical. 22 The observation of a single species in the solid-state extends to the solution as relatively simple NMR spectra are observed for compound 12. It is likely that the δ conformer observed in the solid-state persists in solution as there is no evidence for rapid δ↔λ exchange as the complex shows 5 temperature invariant 31 P and 1 H NMR spectra over the 200-350K range. Complex 12 could also be prepared by transmetallation using 4 and 2 equivalents of Pt(COD)Cl 2 or through direct coordination of in situ generated S-N Me CP with the same platinum precursor in a 1:1 ratio, however the products 10 from these approaches were more difficult to purify than the synthesis using 11. formation of complex 13. Removal of volatiles gave an orangeyellow solid which showed the presence of the amidinium hydrogen at 7.88 ppm in the 1 H NMR spectrum in addition to a largely unshifted ortho-pyridine proton resonance at 8.46 ppm reflecting the lack of pyridine coordination. Heating a solution of 40 13 to 140 ⁰C in chlorobenzene over a period of 2 hours led to the disappearance of the signal for 13 in the 31 P{ 1 H} NMR spectrum commensurate with the appearance of two new doublets at δ = 28.8 ( 1 J P-Rh = 166 Hz, minor) and 27.1 ( 1 J P-Rh = 165 Hz, major) ppm respectively for the two isomeric forms of complex 14. The 45 presence of the two isomers in a roughly 1:3 ratio indicated a degree of selectivity during the change from κ 1 -P to κ 3 -C,N,P coordination but this is far from absolute. The upfield shift in δ P compared to 13 is indicative of the change in coordination mode from monodentate to tridentate as observed in the platinum 50 complexes. Attempts to form crystals of the complex suitable for structural characterization by single-crystal x-ray techniques were thwarted by the solution instability of the complex. Although the ultimate fate of the compound was not determined, 14 appears to undergo a similar κ 3 to κ 2 conversion to that described for 10.
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This conversion led to very poor yields of pure complex being obtained (as essentially 1:1 isomeric mixtures) and hence the 13 C NMR spectrum given in the SI is for the crude reaction product before attempted purification. conditions are required to promote conformational (and ultimately configurational) control in chelated forms. We are currently working to further understand these factors and are seeking to extend the bridged chemistry towards the controlled formation of mixed metal complexes.
Conclusions
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Experimental
General information: All synthetic procedures and manipulations were performed under dry nitrogen using standard Schlenk line techniques. Solvents were freshly distilled from sodium (toluene), sodium/benzophenone (THF) or calcium 90 hydride (acetonitrile, methanol and dichloromethane) under nitrogen before use. All other chemicals were obtained commercially and used as received. The 31 P{ 1 H}, 1 H and 13 C NMR spectra were recorded on a Jeol Eclipse 300 MHz or Bruker Avance 400, 500 or 600 MHz spectrometers and 95 referenced to tetramethylsilane or H 3 PO 4 (δ = 0 ppm). Mass spectra were obtained using a Waters LCT Premier XE mass spectrometer or at the EPSRC UK National Mass Spectrometry Facility at Swansea University.
Single-crystal XRD data for compounds 2, 7, 8, 11 and 12 were collected on an Agilent SuperNova Dual Atlas diffractometer with a mirror monochromator [using either Cu (λ = 1.5418 Å) or Mo (λ = 0.7107 Å) radiation], equipped with an Oxford Cryosystems cooling apparatus. Generally, the crystal structures 5 were solved and refined using SHELX. 23 Non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms were inserted in idealized positions, and a riding model was used with Uiso set at 1.2 or 1.5 times the value of Ueq for the atom to which they are bonded. Data collection and structure solution for compound 10 were performed at the EPSRC National Crystallography Service as detailed. 24 Further details and the relevant CIF files for all structurally characterized complexes are included in the SI. A solution of 1R,3S-1,2,2-trimethyl-1,3-diaminocyclopentane, R,S-tmcp (1.00 g, 7 mmol), and 2-acetylpyridine (0.85 g, 1 mol equiv) in EtOH (50 ml) was heated close to boiling for 4 hrs. After cooling, the solvent was removed on a rotary evaporator 20 and the residue redissolved in EtOH (50 ml). To this solution was added solid NaBH 4 (0.40 g, 10.5 mmol) portionwise over 20 mins. The resulting mixture was stirred overnight before adding conc. HCl (1 ml) carefully with stirring. After stirring for a further 30 mins the volatiles were removed in vacuo, the residue 25 dissolved in water (50 ml) and the mixture made strongly basic by addition of solid NaOH. The diamine that oiled out of solution was extracted into CH 2 Cl 2 (3 x 50 ml), which was subsequently dried over MgSO 4 , filtered and all volatiles removed in vacuo to give the monopyridyl diamine as a pale yellow oil.
1 H NMR 30 analysis of this intermediate showed it to be a mixture of two isomers in a 3.5:1 ratio. The oil was dissolved in degassed EtOH (50 ml) under nitrogen and 2-(diphenylphosphino)carboxaldehyde (2.03 g, 7 mmol) added thereto. The solution was heated close to boiling for 12 hrs before 35 cooling and removing the solvent in vacuo. The residue was dissolved in EtOH (50 ml) and solid NaBH 4 (0.40 g, 10.5 mmol) added portionwise over 20 mins. The resulting mixture was stirred overnight then conc. HCl (1 ml) added carefully with stirring. After stirring for a further 30 mins the volatiles were 40 removed in vacuo, the residue dissolved in water (50 ml) and the mixture made strongly basic by addition of solid NaOH. The product that oiled out of solution was extracted into CH 2 Cl 2 (3 x 50 ml), which was subsequently dried over MgSO 4 , filtered and all volatiles removed in vacuo to give a pale yellow oil. The oil 45 was taken into triethylorthoformate (15 ml), NH 4 PF 6 (1.26 g, 1.1 equivs) added and the mixture heated at 120 °C for 2 hrs whereupon a white solid deposited. After standing overnight the mixture was filtered and the solid washed carefully with MeOH. Yield = 2.56 g (54%). A pure sample of the S-isomer could be 50 obtained by recrystallization from MeOH, however, this was accompanied by appreciable loss of material so the complexation chemistry was performed with the original 9:1 S:R mixture. The compound is air-stable in the solid-state but was kept under N 2 as a precaution. The following spectroscopic details are for the S 55 isomer.
1 H NMR (CDCl 3 , 400 MHz) δ 8.42 (d, J 4.4 Hz, 1H), 7.81 (s, 1H), 7.67 (dt, J 7.7, 1.8 Hz, 1H), 15H), 6.89 (dd, J 7.4, 4.4 Hz, 1H), 4.84 (q, J 6.9 Hz, 1H), 4.71 (m, 2H), 3.74 (d, J 5.1 Hz, 1H), 2.42 (m, 1H), 2.04 (m, 1H), 1.90 (m, 1H), 1.78 (m, 1H), 1.56 (d, J 7.0 Hz, 3H) 62.02; H, 5.81; N, 6.20. Found: C, 61.9; H, 5.8; N, 6.3 8.26 (t, J 7.8, 1.5 Hz, 2H), 30H), 7.08 (ddd, J 11.7, 7.7, 1.2 Hz, 2H), 5.44 (q, J 6.8 Hz, 2H), 4.80 (d, J 14. 
